and against a synthetic peptide (GVPaNT) whose sequence is identical to the N-terminal region of the main gas vesicle protein, GVPa. A twostage centrifugation procedure is described for separating gold-labelled antibodies bound to gas vesicles from unbound antibodies. The GVPaNT antibody bound to gas vesicles that had been previously rinsed with SDS to remove the outer gas vesicle protein, GVPc. Treatment with this antibody c a d the gas vesicles to aggregate together end-to-end rather than side-by-side. The binding of the anti-GVPaNT-hunogold particles to the gas vesicle was restricted to the conical ends of the structure. These observations indicate that the sequence to which the GVPaNT antibodies were raised, residues 1 to 13 of the,GVPa molecule, is exposed only at the outer d a c e of the cones and that it is normally obscured by GVPc. As GVPa forms both the conical ends and the cylindrical midsection of the gas vesicle, exposure of the N-terminal sequence only in the cones must be due to ditrerences in the contact between adjacent GVPa molecules in the central cylinders and end-cones.
Introduction
Two distinct types of protein have been found in the gas vesicles of cyanobacteria Hayes et al., 1988) . The principal constituent, GVPa, is a protein of 70 amino acid residues; it is largely hydrophobic, but it has hydrophilic sequences at each end (Tandeau de Marsac et al., 1985; Hayes et al., 1986) . The second constituent, GVPc, is a larger hydrophilic protein containing a number of highly conserved repeats of 33 amino acid residues Hayes et al., 1988) . The proportions of the two proteins in the gas vesicles isolated from Anabaena 80s-aquae have been determined from quantitative analyses of amounts of three of the five amino acids that occur exclusively in one protein or the other: by mass, GVPa forms about 92%, and GVPc, 8% of the total protein present  Walsby & Hayes, 1988) .
The hollow cylindrical structure of the cyanobacterial gas vesicle is formed from ribs 4.6 nm wide that represent either stacks of hoops or the turns of a shallow spiral (see 'walsby, 1989) . GVPa forms these ribs; the volume of the unit cell that repeats along the ribs, 9.46 nm3 (Hayes et al., 1986) , corresponds with the size of the GVPa molecule, 7-4 kDa. The essential ribbed structure remains intact after the gas vesicles have been rinsed with a solution of 1 % SDS, which leaves GVPa but removes GVPc . It has been concluded from this that GVPc must be on the outside of the structure.
In the archaeote halobacteria (Woese et al., 1990) there are gas vesicles of homologous form (Larsen et al., 1967; Stoeckenius & Kunau, 1968;  Simon, 1981) , which contain a number of homologues of GVPa (DasSarma et al., 1987; Horne et al., 1988; Surek et al., 1988) and may contain a protein analogous to GVPc. These organisms also have several other gene products that appear to be involved in gas vesicle production (Jones et al., 1989) , though it is not yet known whether they form structural components of the gas vesicles.
We describe here a method for investigating the presence and location of different protein epitopes in gas vesicles by immunocytochemistry with gold-labelled antibodies. A feature of our method is the quantitative separation of labelled gas vesicles from unbound antibodies and gold particles by centrifugally accelerated flotation. We have investigated the binding to gas vesicles of antibodies raised against intact gas vesicles and of an antibody, anti-GVPaNT, raised against a synthetic peptide with the sequence AVEKTNSSSS-LAE, the first 13 residues at the N-terminus of GVPa (Hayes et al., 1986) . The antibody binding was investigated using both entire gas vesicles and gas vesicles from which GVPc had been removed, in order to expose 0001-6847 0 1991 SGM potential binding sites obscured by the outer protein. We report here a highly specific binding pattern for the anti-GVPaNT antibody, which indicates that this technique, if extended to other parts of the sequence, may give detailed information on the folding patterns of the proteins within the structure.
Methods
Isolation ofgas uesicles. Intact gas vesicles were isolated from the cyanobacterium Anubaena 30s-aquae CCAP 1403/13f using the techniques described by Walsby (1974) and Hayes (1988) , with the modification that 5 m-NaCN was added to the lysate and all rinsing solutions to prevent microbial contamination. Samples of gas vesicles were treated to remove GVPc by mixing 20 p1 aliquots with 2 pl 10% (w/v) SDS in 0.5 ml capacity Eppendorf tubes and recovering the gas vesicles that remained intact by centrifugally accelerated flotation, as described by . The treated gas vesicles were then rinsed twice with 40p1 water, being collected again by centrifugation after each rinsing. Any remaining traces of free SDS were removed by passage through a 1 ml affinity column of Extractigel-D (Pierce Chemical Company). The concentration of gas vesicles in suspensions was determined from measurements of their pressuresensitive optical density (PSOD); at a wavelength of 500 nm a PSOD of 1 cm-l indicates a gas vesicle protein concentration of 47.9 pg ml-l (Walsby & Armstrong, 1979) .
Antibodies. The peptide representing the N-terminal sequence of GVPa (see Introduction) was synthesized by P. J. Barker (at the AFRC Institute of Animal Physiology and Genetics Research, Babraham, UK). It was linked via a C-terminal cysteine to PPD (a purified protein derivative of tuberculin) to increase its antigenicity, and injected into rabbits from which the immune serum was subsequently collected after three booster inoculations. Rabbit antibodies raised against entire, purified gas vesicles (anti-GV antibodies) were those used previously in agglutination studies (Walker et al., 1984) . Control experiments were performed with rabbit antibodies raised against protochlorophyllide reductase (Griffiths et al., 1985) .
Immunogold labelling of gas vesicles. Samples of gas vesicles, containing 20 pg GVP in a volume of 1.5 p1, were mixed with 3.5 pl of the serum and 5p1 of PBG [phosphate-buffered saline (Oxoid) containing 0.5% bovine Serum albumin (Sigma) and 0.1 %gelatin USP, 60 bloom (Fluka)], and incubated for 1 h at room temperature with gentle shaking. The mixture was then diluted with an equal volume (10 pl) of PBG and the excess antibody was removed by centrifuging the mixture, at 1500 m s -~ (153 g) for 20 min, and drawing off 15 pl of the clear suspension from under the floating gas vesicles.
The antibody-labelled gas vesicles in about 5 pl of PBG were shaken gently for 1 h at 20 "C with 10 pl of a suspension of 10 nm diameter colloidal gold particles linked to protein A (Auroprobe EM, Janssen Biotech) diluted 10-fold in PBG. The suspension, which formed a 5 mm deep layer in a 0.5 ml capacity Eppendorf tube, was then centrifuged in two stages. A first stage at 1500 m s -~ (1 53 g) for 200 min, followed by a second stage at 13800 m s -~ (1410g) for 1 h is recommended. In the first centrifugation stage the gas vesicles (which float up at 10 nm s-l per g and would be able to rise 18 mm) accumulated in the surface film.
None of the gas vesicles would have been collapsed by the low pressure generated at the low acceleration used (see Walsby & Buckland, 1969) . The gold particles (excess density 18 x lo3 kg m-3, radius 5 nm) would, according to the Stokes equation, have sedimented only 2 mm in the first stage, but would have sunk the 5 mm to the bottom of the tube in the second, high-speed centrifugation. The gas vesicles would then have remained intact during the high-speed centrifugation in the absence of any overlying water column to generate hydrostatic pressure. We found in one run that most of the gas vesicles reached the surface in the first low-speed spin after only 20min, presumably because they formed aggregates (see Fig. l ), which according to Stokes's law would float more rapidly than individual gas vesicles. Gas vesicles with gold particles attached will still float up if the number of particles does not cause their density to exceed that of water. The average Anubuenu gas vesicle has a volume of 2.35 x m3 (Walsby & Bleything, 1988 ) and a density of 119 kg m-3 (Walsby & Armstrong, 1979) ; it therefore has a displacement weight of 2.1 x lo-'* kg in water. It will consequently lift 219 gold particles, each with a volume of 5.24 x m3 and a weight in water of 9-4 x kg. Under the conditions of the first centrifugation, we calculated that individual gas vesicles with c 15 1 gold particles attached would have floated up the 5 mm to the surface in 200 min. In practice it was found that most of the gas vesicles recovered each had only five or fewer gold particles attached. The floating gas vesicles were removed with a microsyringe, concentrated by centrifugal flotation and finally resuspended in fresh PBG. Samples were mixed with an equal volume of 2% (w/v) uranyl acetate adjusted to pH 7 with 25% (v/v) aqueous ammonia, and 2 pl quantities were transferred to carbon-coated Formvar-covered grids for electron microscopy.
For the anti-GV antibodies an essentially similar protocol was used except: (1) in place of the serum we used 50 pg of IgG purified on protein A coupled to cross-linked agarose beads, according to the instructions of the manufacturer (Pierce Chemical Company); (2) the gas vesicle sample contained only 2 pg GVP; (3) 20 11 of the protein A/colloidal gold conjugate suspension was used.
By Western blotting we previously established that the anti-GVPaNT antibody bound specifically to GVPa (Walsby & Hayes, 1989) . We have also shown by Western blotting that the anti-GV antibody bound to both GVPa and GVPc (P. K. Hayes, unpublished) .
Without the centrifugal rinsing procedures, described above, it was not possible to distinguish between gold particles associated with gas-vesicle-bound antibodies and gold particles remaining in the preparation as a result of inefficient washing. After rinsing by centrifugation, almost all of the gold particles that remained in the various preparations were attached to gas vesicles.
Gold particles became attached to all parts of gas vesicles that had been challenged with anti-GV antibodies, both in untreated samples (Fig. 1 a) and samples that had been pretreated with SDS to remove GVPc (Fig. 1 b) . In contrast, there was no gold labelling of gas vesicles that had been challenged with antibodies to protochlorophyllide reductase (used here to provide a negative control ; see Fig. 1 g) .
With the anti-GVPaNT antibody there was no gold labelling of the untreated gas vesicles (Fig. If) , but a specific labelling pattern was observed with the gas vesicles that had been treated with SDS. In (1) Gas vesicles untreated with SDS, mixed with anti-GVPaNT antibodies; they did not bind to gold-labelled antibodies and they aggregated side-by-side. contact with the ends of the gas vesicles (see Fig. 1 c-e) : 64% of the attached particles were within 15 nm of gas vesicles ends (Table 1) . Many of the gas vesicles in this sample were found in small groups arranged with their ends clustered together (Fig. 1 c, d) ; 32% of the ends were engaged in such contacts (Table 1 ). This observation implies that some of the antibodies linked gas vesicles together by their ends, causing them to aggregate in this Table 1 way. Many of the gold particles were located within the spaces between these end-to-end clusters (Fig. l c , d ) , probably attached to the antibodies binding there. A substantial proportion (3 1 %) of the gold particles that were near gas vesicles were near solitary ends ( Fig. l e ;  Table 1 ) or at the peripheral ends of gas vesicles in clusters. These gold particles must have been specifically bound to the ends. While the majority of the labelled free ends had only one particle attached, some had two (Fig.  l e ) or three. Overall, 303 gold particles were near 195 ends (Table l ) , a ratio of 1.6 particles per end. Some of the solitary gas vesicles had gold particles attached at each end (see Fig. l e ) . These patterns of association found between the ends of SDS-treated gas vesicles and anti-GVPaNT-immunogold particles were not found when pre-immune serum was used or with the gas vesicles untreated with SDS (see Fig. 1J ). The gas vesicles in these samples were aggregated side-by-side rather than end-to-end.
Antibodies bind to gas vesicle ends 2397

. Distribution of gas vesicles and gold particles in electron micrographs
Figures in parenthesis represent percentages of the total gas vesicle ends or gold particles given in row a or b.
After incubation with After incubation with anti-GVPaNT immune serum preimmune serum
SDS-treated Untreated
From these specific associations we can draw the following three conclusions on the distribution of anti-AVEKTNSSSSLAE binding sites : (1) there are binding sites for the anti-GVPaNT antibody on the end cones of the Anabaena gas vesicles; (2) there are two or more binding sites per end cone: and (3) there are binding sites at both ends of a gas vesicle.
Discussion
The anti-GV antibody preparation contains antibodies that recognize both GVPa and GVPc epitopes. It is possible that both types of protein are recognized at the surface of the untreated gas vesicles. The SDS-treated gas vesicles do not contain GVPc and the antibodies that bind to these treated structures must therefore have recognized epitopes of the GVPa. As these were polyclonal antibodies there may have been recognition of many different types of epitopes, which would explain why all parts of the gas vesicle surface were recognized.
We have previously speculated (Walsby & Hayes, 1989 ) that the hydrophilic sequence near the amino terminus of GVPa would be located at the outer surface of the gas vesicle, since experiments that show gas vesicles partition from oil into water demonstrate that the outer surface is hydrophilic (Walsby, 1971) . This property may be partly explained by the presence of the very hydrophilic GVPc at the outer surface , but the gas vesicles still partition into an aqueous phase when GVPc has been removed by rinsing with SDS (A. E. Walsby, unpublished) .
The high proportion of binding of anti-AVEKTNSSSSLAE at the conical ends indicates that there is a sufficient portion of this sequence exposed for antibody recognition at the outer surface of the cgnes, but there is an insufficient portion exposed in the cylindrical mid-section. The ribs of both the cones and cylinders are formed from GVPa (or the nearly identical GVPd, which has an identical N-terminal sequence : see Damerval et al., 1989) . The lack of labelling of the cylinders therefore indicates that less (or none) of the Nterminal sequence is exposed at the surface of the cylindrical portion.
For reasons of surface geometry the nature of the contacts between GVPa molecules must differ in the central cylinders and the end-cones and, as has been previously discussed (Walsby, 1978) , parts of the surface of the molecule that are obscured in the cylinder will be exposed as a result of the different contacts that occur in the cone. The possible additionally exposed areas may include (a) the ends of molecules exposed at the 'acropetal edge' of the rib (i.e. the edge of the rib towards the cone apex); or (b) the surface exposed at gaps between adjacent GVPa molecules within the same rib (see Fig. 2 ). The width of such a gap may depend on the proximity of the rib to the cone apex. Calculations show that the gap could be 1 nm wide in the rib immediately (a) (4 Fig. 2. Diagrammatic representation of (a) longitudinal section and (b) three cross-sections, at different positions through the cylinder and cone of a gas vesicle, showing the possible extra exposed areas to which the antibody raised against the peptide AVEKTNSSSSLAE may bind. (a) The ends of the GVPa molecules (heavy lines) exposed at the acropetal edge of each rib in the cone. (b) The surfaces at gaps between GVPa molecules within the same rib : the width of the gap increases progressively with proximity to the cone tip. The width of the molecules has been exaggerated about sixfold. After Fig. 1 of Walsby (1978). adjacent to the cone apex, decreasing to 0.04 nm wide six ribs in from the apex.
The observation that immunogold labelling occurs only after treatment with SDS suggests that attachment of GVPc (which is removed by SDS) normally obscures the part of the GVPa N-terminal sequence exposed on the cones.
The specific labelling pattern of the antibody raised against the N-terminal sequence of GVPa demonstrates that the immunogold technique can be used to explore the orientation of the constituent proteins in the structure of gas vesicles. If active antibodies can be raised against other parts of the amino acid sequences of GVPa, and of GVPc, it should be possible to obtain further information on their orientation. As well as sequences at the outer surface, it is possible to expose sequences located across the profile of the wall by labelling the edges of collapsed gas vesicles, and sequences on the inner surface by labelling freeze-fractured gas vesicles or fragments of gas vesicles exploded apart after raising the internal gas pressure (see Walsby, 1989) . Our antibody labelling techniques could also be used to investigate which of the various protein products of genes in the gvp operons of halobacteria (Horne et al., 1991) are structural components of the gas vesicles. In particular, it might be possible to determine whether the slightly different GVPa proteins encoded by the plasmid and chromosomal genes are located exclusively on the spindle-shaped or cylindrical gas vesicles produced by halobacteria (Surek et al., 1988; Horne et al., 1988) .
